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The high levels of oxidative stress (OS) and inflam-
mation associated with cardiovascular disease are
linked to pro-oxidants such as advanced glycation
end products (AGEs). AGEs interact with multiple re-
ceptors, including receptor 1 (AGER1), which pro-
motes AGE removal and blocks OS and inflammation,
and RAGE, which enhances inflammation. In this
study, we evaluated metabolic and vascular changes
in AGER1 transgenic mice (AGER1-tg) subjected to an
atherogenic diet and arterial wire-injury. Both base-
line and postatherogenic diet serum and tissue AGEs
as well as plasma 8-isoprostane levels were lower in
AGER1-tg mice than in wild-type mice. The levels of
injected '*’I-AGE in tissues were decreased as well in
AGER1-tg mice. After ingesting a high-fat diet,
AGER1-tg mice had a normal glucose tolerance and
only 7% were hyperglycemic, whereas 53% of wild-
type mice had stable hyperglycemia. After wire-in-
jury, intimal lesions in AGER1-tg mice were small,
whereas wild-type mice had diffuse intimal hyper-
plasia, a high intima/media ratio, and inflamma-
tory cell infiltrates. In addition, AGER1 staining,
prominent in AGER1-tg mice, was attenuated in 30
to 40% of wild-type cells, although all cells were
strongly positive for AGEs. Thus, AGER1 overex-
pression in mice reduces basal levels of AGEs and
0S, enhances resistance to diet-induced hypergly-
cemia and OS, and protects against injury-induced
arterial intimal hyperplasia and inflammation, pro-
viding protection against OS and inflammation in-
duced by AGEs and high-fat diets in vivo. (AmJ Pathol
2009, 175:1722-1732; DOI: 10.2353/ajpath.2009.090138)

Atherosclerosis, one of the principal underlying lesions in
cardiovascular disease (CVD), is a multistep process in
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which high oxidative stress (OS) and inflammation play a
crucial role.'® OS may play a role in vascular progenitor
function and contributes to alterations in vascular injury
repair and insulin resistance.*® A characteristic feature
of OS is an imbalance between reactive oxygen species
(ROS) generation and antioxidant status. While ROS are
necessarily generated during normal metabolism, abnor-
mally increased levels may arise from excess metabo-
lites, ie, glucose or fatty acids, but also from exogenous
oxidants consumed with the diet.>®” Advanced glyca-
tion end products (AGEs), known contributors to CVD
and chronic kidney disease, are derived either from
metabolism or from the diet.®8~1°

AGEs, resulting from nonenzymatic additions of reduc-
ing sugars to Lys or Arg of proteins (AGEs), lipids (ad-
vanced lipoxidation end products) and nucleic acids,
can generate increased levels of intracellular ROS, fur-
ther promoting AGE formation in a “vicious cycle.”¢89"

Abnormal accrual of AGEs, previously thought to be
restricted to diabetes, is now known to occur in persons
considered to be in good health.'® A role for AGE-en-
riched Western diets in the causation of increased sys-
temic AGE, OS, and CVD, first studied in animals, has
been documented in clinical studies that include subjects
with diabetes and/or kidney disease.®'"'3"'® This asso-
ciation is also present in healthy individuals.'™ '3

Several cell surface AGE receptors have been identified,
each of which mediates different responses. Among these,
AGE receptor 1 (AGER1) promotes the uptake and removal
of AGEs and blocks cellular AGE-mediated ROS generation
and inflammation, '8 whereas receptor for AGEs (RAGE)
promotes ROS generation and inflammatory responses. '®2°
Because AGER1 and RAGE compete for AGEs, the bind-
ing of AGEs to RAGE may increase when AGER1 levels are
decreased, resulting in the induction of increased OS. In
this instance RAGE signaling is unopposed by AGER1."718
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AGERT1 is a type | transmembrane receptor found on
the plasma membrane'® and in the endoplasmic reticu-
lum.?" The cell surface membrane-associated AGER1
blocks responses to AGEs by blocking the induction of
ROS-mediated activation of mitogen-activated protein ki-
nases/Ras and inflammatory molecules, induced in part
via RAGE." In addition, AGER1 suppresses AGE-induced
ROS by inhibiting phosphorylation of epidermal growth fac-
tor receptors, Grb-2/Shc and extracellular signal-regulated
kinases.'® Downstream actions of AGER1 include the inhi-
bition of ser-36 phosphorylation of p66°"©,22 a highly OS-
responsive isoform of Shc, involved in the AGE-mediated
inactivation of forkhead box transcription factors and man-
ganese superoxide dismutase suppression in vitro, as well
as in vascular disease and lifespan in vivo.?*>2° Suppres-
sion of these pathways by AGER1 is thought to support
intracellular anti-oxidant systems, to enhance tissue resis-
tance to ROS, and to prolong lifespan.'®

Circulating monocyte AGER1 levels correlate strongly
with systemic AGEs and OS, independent of age in
healthy adults.”® However, AGER1 was found to be
down-regulated in states of chronic high OS, such as
diabetes and kidney disease.?®?” The reasons for this
paradoxical decrease are unknown. However, studies in
mice and humans suggest that dietary AGEs may be
involved, because dietary restriction of AGE intake pre-
serves AGER1 expression, reduces circulating AGEs and
OS levels, and decreases age-related metabolic, vascular,
and renal changes in aging mice.?®2° This is also associ-
ated with an extended lifespan in mice. These data com-
plement clinical studies in which reduced dietary AGE in-
take normalized abnormally low AGER1 levels and reduced
OS and inflammation in patients with high AGEs and OS
due to chronic kidney disease.'® The findings underscore
the potential significance of AGER1 expression levels and
the critical role it may play in maintaining systemic anti-
oxidant balance. However, this evidence is inferential, and
direct in vivo links between AGER1 expression, AGE levels,
and OS have not been established.

The present studies, using mice transgenic for murine
AGER1, show that the overexpression of AGER1 in mice is
associated with (a) decreased basal levels of circulating and
tissue AGEs and OS, (b) decreased serum AGE levels and
enhanced anti-oxidant reserves after exposure to a high-fat
diet, as evidenced by resistance to hyperglycemia, and (c)
significant protection against wire injury-induced femoral artery
intimal hyperplasia and inflammation.

Materials and Methods

Generation of AGERT Transgenic Mice

Full-length murine AGER1 cDNA was generated by PCR
by using mouse embryonic stem cells with the following
primers: forward, 5’-GAAGCTTGCTGCTGGGAGATGAA-
GATGGAT-3’, and reverse, 5-CTCTAGACGGTCAGA-
CTTCTCCTTCTCCTTCATG-3'. PCR products were puri-
fied, subcloned into a pcDNAS3.1 vector (Invitrogen;
Carlsbad, CA) and confirmed by sequence analysis. A
CMV promoter was used. Because we introduced murine
AGER1 cDNA into mouse ova, a V5-tag was included in
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Figure 1. A: Schematic representation of the AGER1 construct. B: Relative
AGER1 mRNA levels in various tissues. Real time-PCR data are expressed as the
mean * SEM gene copies in AGER1-tg above those in wild-type (WT) mice.

the 3’-end of construct for the purpose of identifying the
transgene (Figure 1A). The resultant 2.236kb hybrid gene
was linearized with Sall and Sphl sites between the CMV
promoter and the bGH polyA sequence and microin-
jected into fertilized eggs. The founder transgenic mice
were identified by PCR of DNA isolated from tail snips
with a 5" primer of AGER1 (5'-TTGTCCGCATTGATC-
CTTTTGT-3') and a 3’ primer of V5-tag (56'-AGAGGGT-
TAGGGATAGGCTTAC-3'). Nine out of 43 newborn off-
spring carried the murine AGER1-V5 tag cDNA. Founder
mice expressing high levels of AGER1 were used for
propagation. AGER1 mice were born in the expected
Mendelian ratio and have not shown a survival advantage
or disadvantage during more than 3 years of study. F1-4
mice had normal fecundity, litter size, and birth weight.
Transgenic mice were backcrossed with C57B6 mice for
more than six generations, having free access to water
and a regular chow diet (5% fat/g, PicoLab Rodent Diet
20, #5053, Purina Mills; St. Louis, MO). To evaluate the
anti-AGE and anti-OS properties of AGER1 during sus-
tained OS burden, AGER1 transgenic (AGER1-tg; 12
months, n = 8 male and n = 9 female) and age- and
sex-matched C57B6 mice were placed on a high-fat diet
(21.2% fat/g, TD.88137, Harlan Teklad; Madison, WI) (Ta-
ble 1), which is shown to raise AGEs and OS in addition
to lipids or glucose,®° for 8 weeks.

PCR and Real-Time PCR

Total RNA was extracted from tissues and purified with the
SV Total RNA Isolation System (Promega; Madison, WI)

Table 1. Characteristics of Dietary Formulas

Regular High-fat
diet diet
Protein, % by weight, g 20 17.3
Fat, % by weight, g 4.5 21.2
Carbohydrate, % by weight, g 54.8 48.5
Total calories/day, kcal 4.02 4.5
Lipid-CML, U/g 205 2.7 x 10
Lipid-MG, nmol/g 59 21.2
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according to the manufacturer’s instructions. One ng of
total RNA was reverse transcribed by using the Transcriptor
First Strand cDNA Synthesis Kit (Roche; Indianapalis, IN).
PCR was performed with the genotyping AGER1 primers or
primers internal to the AGER1 gene (forward 5'-CTGCT-
GAAGGCCCCAACCATC-3', reverse 5'-GCGGGAGAGG-
GCCACAGCTAGTTC-3'), by using the TagPCR Master Mix
Kit (Qiagen; Valencia, CA) under the following conditions:
initial denaturation 94°C X 3’; denaturation 94°C X 45,
annealing 55°C X 45, elongation 72°C X 1’ for 36 cycles, and
final elongation 72°C X 10’. Real-Time PCR was performed by
using the Sybr Green PCR Master Mix (Applied Biosystems;
Warrington, UK) under standard conditions.'”'8:22

Western Analysis

Cellular or tissue samples (20 mg) were manually macer-
ated in CelLytic MT Mammalian Tissue Lysis/Extraction Re-
agent (Sigma; St. Louis, MO) after the addition of a Protease
Inhibitor Cocktail (Pierce; Rockford, IL), EDTA (Pierce) and
Phosphatase Inhibitor (Pierce). Samples were centrifuged at
10,000 rpm for 10 minutes and supernatant was recovered.
The protein concentration was measured by a colorimetric
assay (DC Protein Assay, Bio-Rad; Hercules, CA) according to
the manufacturer’s instruction. Fifty ug of protein for each
sample was heated at 100°C with Laemmli sample buffer
containing 2% B-mercaptoethanol for 5 minutes and electro-
phoresed on a 10% SDS-polyacrylamide electrophoresis gel.
Separated proteins were transferred onto polyvinylidene fluo-
ride membranes, which were blocked with PBS-Tween20 with
5% nonfat dry milk for 1 hour and then incubated with the
primary antibody (rabbit polyclonal anti-OST48, Santa Cruz
Biotechnologies, Santa Cruz, CA, dilution 1:1000; Mouse
monoclonal anti-B-actin, Sigma, dilution 1:4000), followed by
a 1-hour incubation with a 1:2000 dilution of the appro-
priate secondary antibody (goat anti-mouse IgG HRP-
conjugate or Goat anti-rabbit HRP-conjugate from Bio-
Rad). Bands were detected by using an enhanced
chemiluminescence method (Roche).'”:22

Serum and Tissue AGE

AGE concentrations in mouse sera and tissues were deter-
mined by enzyme-linked immunosorbent assay, by using
monoclonal antibodies reacting with N*-Carboxymethyl-Lysine
(CML) (4G9; Alteon; Northvale, NJ) or methylglyoxal (MG)-
derived AGEs (3D11).222831 The CML-bovine serum albu-
min (BSA) standard contained 23 modified lysines/mol,
whereas the MG-BSA standard contained 22 modified
arginines/mol, based on high pressure liquid chroma-
tography/gas chromatography-mass spectrometry.®’

Plasma 8-isoprotane, Blood, and Tissue GSH/
GSSG Levels

Blood was collected at sacrifice by cardiac puncture and
endogenous lipid peroxidation products (8-isoprostanes)
were determined in fresh plasma samples by using an
enzyme immunoassay kit, which correlates with values de-
termined by GC-MS (Cayman Chemical; Ann Arbor, MI).

Reduced glutathione and oxidized gluthathione were ana-
lyzed with a colorimetric reaction kit (OxisResearch; Port-
land, OR) according to the manufacturer’s instructions.?2®

Preparation of "2°I-AGE-BSA

AGE-BSA were iodinated as previously describe
by incubating AGE-BSA with '2°| in the presence of
I0ODO-Beads (Pierce) at room temperature for 1 hour.®?
Samples were then passed through a Sephadex G-25
PD-10 column (GE Health Care; Piscataway, NJ), 10
1-ml fractions were collected, and the radioactivity was
measured (Top Count NXT scintillation counter, Packard;
Meriden, CT). Protein fractions with the highest radioactivity
were extensively dialyzed against PBS with a Slide-A-Lyzer
Cassette (Pierce) and precipitated with trichloroacetic acid.
Samples with a specific activity =94% were used.

d16,17,26

AGE Kinetics in Vivo

AGER1-tg and age- and sex-matched C57B6 mice
(3 months old, n = 5/group) were anesthetized by Halo-
thane and placed in a supine position with the lower
extremities extended. After making a groin incision and
exposing the femoral vein, '?°|-AGE-BSA (150 ug of pro-
tein in PBS) was infused into the vein. Two hours after
injection, the mice were perfused with PBS until the per-
fusate from the inferior vena cava was clear. Tissues were
isolated and aliquots (~20 mg) were used for total protein
extraction and assessment of tissue-bound radioactivity,
as described with minor modifications.®32 Briefly, the
degraded AGE-BSA (<30 kDa) was separated by using a
Microcon 30 column (Amicon; Beverly, MA). The protein
concentration and radioactivity were determined in each
fraction (Top Count NXT scintillation counter, Packard) and
normalized to the weight of the initial tissue sample.

Glucose Tolerance Test

After 2 months on a high-fat diet and after an overnight
fast, mice were injected i.p. with a 20% glucose solution
(2 g glucose/kg body weight). Blood samples were col-
lected before, and at 15, 30, 60, and 120 minutes after
the injection. Blood glucose levels were measured with
an Elite glucometer (Bayer; Mishawaka, IN).2%3°

Insulin Tolerance Test

After a 3-hour fast, mice were injected with insulin (No-
volin R 100 U/ml, i.p.) at a concentration of 5 U/kg BW in
sterile 0.9% NaCl solution. Blood samples were collected
before, and at 15, 30, 60, and 120 minutes after the
injection. The blood glucose concentration was mea-
sured with an Elite glucometer (Bayer).?%°

Femoral Artery Injury

After 4 weeks on a high-fat diet (21.2% fat/g), the se-
lected AGER1-tg (8 males, 9 females) and age- and
sex-matched C57B6 mice (n = 13) were subjected to a



femoral artery injury. The injury was performed as previ-
ously described.®*3 In brief, mice were anesthetized
with Halothane and placed in the supine position with the
lower extremities extended, bilateral groin incisions were
made, and the segment of femoral artery between the epi-
gastric and saphenous arteries was separated from the
vein. A left femoral artery arteriotomy was performed inferior
to the epigastric branch, through which a 0.25-mm-diame-
ter angioplasty guide wire (Advanced Cardiovascular Sys-
tems; Temecula, CA) was introduced into the lumen. The
wire was advanced and pulled back three times, each time
reaching beyond the aortic bifurcation. The wire was then
removed, and the arteriotomy site was ligated. The con-
tralateral artery was sham-operated, by exposing the blood
vessels, and used as an uninjured control. In this model,
flow is maintained through the injured segment of femoral
artery, because the epigastric artery and muscular
branches superior to the ligation are preserved.

Evaluation of Femoral Artery Injury Repair

Mice were sacrificed 1 month after the femoral artery
injury. The hind limbs and pelvis were excised en bloc,
postfixed in 4% paraformaldehyde in PBS overnight, and
decalcified in 10% formic acid for an additional 12 hours.
The specimens, containing the femoral vessels, were cut
transversely, dividing the common femoral artery into
multiple ~5-mm segments. Specimens underwent stan-
dard dehydration, paraffin embedding, sequential sec-
tioning, and staining by Masson’s trichrome for light mi-
croscopy and for immunohistochemistry. Sequential
sections were cut from each segment. Sections at the
same distance from the site of the arteriectomy were
used for morphometry. Adjacent sections were used for
light microscopy and immunohistochemistry. Captured
images (Leica DM 5000 B microscope, digitalized with
a Leica DFC 300 FX camera and the Leica Application
Suite software version 2.4.0R1, Leica Microsystems;
Heerbrugg, Switzerland) were evaluated with the Image
Pro Plus software (version 4.5.1.29, Media Cybernetics, Be-
thesda, MD). The intima/media ratio was calculated as the
area defined by the internal elastic lamina (IEL) of the ves-
sel, minus the lumen area, divided by the area defined by
the external elastic lamina (EEL) minus the area defined by

the IEL®*9 Infima/Media = = -4men
: EEL — IEL

Immunohistochemistry

Paraffin sections from AGER1-tg and control mice were
deparaffinized before staining for AGEs (MG-derived
AGEs and CML), AGER1, macrophages (F4/80) and
a-smooth muscle actin (a-SMA), as previously de-
scribed.®* 738 In brief, sections were heated for 2 hours at
58°C, soaked three times in xylene, serially passed
through decreasing concentrations of alcohol, and
washed three times with PBS. Antigen unmasking, when
needed, was performed by heating the slides in a citrate
buffer (Sodium Citrate 0.0008M, Citric Acid 0.002M, pH
6.1) for 15 minutes. Samples were then washed three
times with PBS and incubated 20 minutes in methanol
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with 2% H,0,. Peroxidase in the sections was blocked by
using a Vector Avidin/Biotin Blocking Kit and either a Vector
VECTASTAIN Elite ABC Kit (Rat IgG) or a Vector M.O.M.
Peroxidase Kit (Vector Laboratories; Burlingame, CA). Sec-
tions were incubated overnight at 4°C with the primary
antibody (anti- methylglyoxal-derived AGEs 1:20 [3D11];
anti-N*-CML epitopes 1:100 [4G9; Alteon]; anti-OST48 1:4
[Santa Cruz Biotechnologies]; anti-F4/80 1:25 [Caltag Lab-
oratories, Burlingame, CA]; and anti-a-SMA 1:60 [Sigmal).
After washing with PBS, slides were incubated with the
appropriate secondary antibody using a Vector M.O.M. Per-
oxidase Kit or a Vector VECTASTAIN Elite ABC Kit (Rat IgG)
according to the manufacturer’s instructions and stained
with a Vector DAB Substrate Kit or an Alkaline Phosphatase
Substrate Kit lll (Vector Laboratories). Nuclei were stained
with hematoxylin (Millipore, Billerica, MA) and mounted by
using Permount (Fisher Scientific, Pittsburgh, PA).

Triglycerides and Cholesterol Levels

Blood triglyceride and total cholesterol concentrations
were measured, at baseline and after exposure to the
high-fat diet, with two different kits (BioVision, Mountain
View, CA) according to the manufacturer’s instructions.

Statistics

All data are expressed as mean = SEM. Differences of
means between groups were analyzed by the unpaired,
two-tailed Student’s t-test. Statistical significance was de-
fined as a P value of <0.05. All data analyses were
performed by using the GraphPad Prism statistical pro-
gram (GraphPad Software, Inc., San Diego, CA).343%

Results

Characterization of AGER1-tg Mice: Transgene
Expression

AGERT1 transgene expression was found significantly in-
creased in multiple tissues of AGER1-tg mice including
aorta and heart, as compared with wild-type mice (Figure
1B). AGER1 protein levels were also significantly increased
in several highly vascular tissues of AGER1-tg mice, ie,
heart, liver, spleen, and kidney (Figure 2, A and B).

AGER1-tg Mice Have Increased Serum and
Tissue AGE Turnover and Decreased OS

Because AGER1 mediates AGE uptake in vitro,'®"" we

tested the effect of overexpression of the AGER1 trans-
gene on the levels of native AGEs in vivo. Serum CML
levels were significantly decreased in serum of AGER1-tg
mice at baseline (~3 months of age, P < 0.05) compared
with wild-type mice (C57B6) (Figure 2C). Basal tissue levels
for two AGEs, CML and MG, did not differ between
AGER1-tg and wild-type mice, and although without reach-
ing significance, liver AGE levels were lower in the
AGER1-tg mice than in wild-type mice (Table 2). A lower
basal oxidant burden in the AGER1-tg mice was also re-
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Figure 2. A: AGER1 protein expression in heart, liver, spleen, and kidney tissues from AGER1-tg mice based on Western analysis. B: Densitometric data from
Western blots, shown as a ratio of AGER1 to B-actin (7 = ~3/group), (C) Serum CML levels. D: Plasma 8-isoprostane levels from the same mice as in A and B,
data shown as mean = SEM. E: Tissue associated radioactivity 2 hours after injection of "*>I-AGE-BSA in protein extracts of kidney, liver, and spleen, shown as

mean * SEM. *P < 0.05 versus wild-type (WT) mice; **P < 0.01 versus WT mice.

flected in the lower levels of 8-isoprostanes, endogenous
lipid peroxidation products (Figure 2D). As a test of the
ability of AGER1 transgene product to remove exogenous
AGEs, tissue-associated '?°I-AGE-BSA was measured in
AGER1-tg mice within 2 hours of injection. The tissue levels of
labeled peptides in AGER1-tg mice were decreased to ~10 to
20% of that in wild-type controls (P < 0.05) (Figure 2E).

Tissue levels of both CML and MG were also assessed
after the high-fat diet. While in wild-type mice they were
found increased above the baseline after the high-fat
diet, they were not increased in AGER1-tg mice (Table 2).
The CML levels in kidney and liver tissue of AGER1-tg
mice remained below those in wild-type mice after the
high-fat diet (Figure 3A). Although MG levels were ele-
vated in the kidneys of wild-type mice after the high-fat
diet, the levels in AGER1-tg mice were not different from
baseline values (Table 2). In addition, immunostaining
for MG and CML in the vascular wall of AGER1-tg mice
was lower than in wild-type controls, by immunohisto-
chemical staining (Figure 3B). Antioxidant GSH status
in different tissues was assessed at baseline and after
the high-fat diet to assess intracellular OS. A higher
basal GSH/GSSG ratio was found in AGER1-tg mice in both
kidney and liver tissues, and was maintained at higher
levels in the AGER1-tg kidneys after the fatty diet overload
(Table 2). These results were consistent with a higher anti-
oxidant capacity in the AGER1-tg mice.

AGERT1-tg Mice Are Resistant to Diet-Induced
Glucose Intolerance

Because increased AGEs and OS after a high-fat diet
are known to contribute to impaired glucose tolerance
and diabetes,®° we examined whether AGERT overex-
pression would reduce these changes in AGER1-tg
mice. Both AGER1-tg and wild-type mice had similar
glucose and lipid levels at baseline. However, after 8
weeks of a high-fat diet, both groups of mice had
significantly increased fasting circulating lipids, but
only wild-type mice had increased blood glucose (Ta-
ble 2, Figure 4D). Before the diet, there were no differ-
ences between the groups with respect to glucose
tolerance (Figure 4A). However after 8 weeks on the
high fat diet, fasting glucose was higher in wild-type
than in AGER1-tg (Table 2). In addition, a glucose
tolerance test after this period revealed that blood
glucose levels returned more rapidly to baseline in
AGER1-tg mice than in wild-type mice (Figure 4B).
Furthermore, stable hyperglycemia, found in only 1/14
AGER1-tg mice (7%), was present in a significantly
greater number of wild-type mice (7/13 or 53.8%) (P <
0.02) (Figure 4C). There were no significant differences
in insulin tolerance between the two groups after the
diet (Figure 4D).
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TABLE 2: Epidemiologic and Biochemical Characteristics of AGER1-tg mice

After high-fat diet

Baseline (BL) (HFD; administered for 8 weeks)
AGER1-tg Wild-type AGER1-tg Wild-type

Weight, g 22.72 +0.80 19.56 = 1.29 25.76 + 0.56* 27.18 = 1.27F *P<0.01 vs. AGER1-tg BL
TP<0.01 vs. wild-type BL

Fasting blood glucose, 111.3 £ 9.86 102.6 +5.25 1119 £5.26 130.7 + 4.691* tP<0.01 vs. wild-type BL

mg/dl

¥P<0.05 vs. AGER1-tg HFD

Fasting insulin, ng/ml 0.287 = 0.06 0.272 = 0.03 0.363 += 0.03 0.365 = 0.04 NS

Triglycerides, mg/d! 91.70 + 17.08 96.48 * 20.06 203.6 + 32.35% 194.0 + 18.151 $P<0.05 vs. AGER1-tg BL
1P<0.05 vs. wild-type BL

Cholesterol, mg/d! 106.4 = 16.62 1115 £7.65 190.8 = 20.86°% 170.6 = 16.84% $P<0.05 vs. AGER1-tg BL
TP<0.01 vs. wild-type BL

Serum CML, U/ml 1551 = 1.16 20.21 = 0.258 48.88 + 3.63/ 51.87 + 4.991 $P<0.05 vs. AGER1-tg BL
IP<0.001 vs. AGER1-tg BL
1P<0.05 vs. wild-type BL

Serum MG, nmol/ml 0.94 + 0.21 1.02 = 0.24 2.25 + 0.16* 2.24 +0.241 *P<0.01 vs. AGER1-tg BL
1P<0.05 vs. wild-type BL

Kidney CML, U/mg prot 20.58 + 2.20 21.05 + 1.66 21.77 £ 1.04 27.39 £ 1.44** “P<0.01 vs. AGER1-tg HFD

Liver CML, U/mg prot 11.99 = 2.51 20.02 + 3.51 19.22 = 1.55 33.47 = 1.48%1T TP<0.01 vs. wild-type BL T
1P<0.001 vs. AGER1-tg HFD

Kidney MG, nmol/mg prot 1.07 = 0.09 1.13 £0.14 0.96 + 0.09 1.92 + 0.097 11 TP<0.01 vs. wild-type BL
t1P<0.001 vs. AGER1-tg HFD

Liver MG, nmol/mg prot 0.91 = 0.05 0.85 = 0.02 1.13*=0.15 1.49 = 0.18 NS

Plasma 8-isoprostane, 61.18 + 8.68 111.16 = 3.53* 100.29 * 5.30* 127.51 + 8.89% *P<0.01 vs. AGER1-tg BL

pg/mi

¥P<0.05 vs. AGER1-tg HFD
$pP<0.05 vs. AGER1-tg BL
$P<0.05 vs. AGER1-tg BL
TP<0.05 vs. AGER1-tg HFD Tt
+#P<0.001 vs. wild-type BL

Liver GSH/GSSG ratio
Kidney GSH/GSSG  ratio

0.81 = 0.08%
1.80 = 0.04%

1.08 = 0.05
2.35=*0.15

0.89 = 0.10
1.65 £0.28

115+ 0.13
1.02 + 0.081#

All values are expressed as meanSEM. NS, not significant.

The femoral artery lumen in high-fat-fed AGER1-tg
mice was widely patent and there were only focal, small
areas in which neointima formation was noted (Figure 5B,
upper arrow; Figure 6F, arrow). When present, the neo-
intima was hypocellular and contained an increased
amount of connective tissue by trichrome staining. In
contrast to wild-type vessels, infiltration with inflammatory
cells or macrophages was almost undetectable in any
segment of the vessel wall in AGER1-tg mice (Figure 5, B
and E). There were focal areas in the media of AGER1-tg
mice in which there was an increased amount of connec-
tive tissue, and decreased numbers of cells (Figure 5B,
double arrow). Such fibrotic areas contained extracellular
CML deposits (Figure 6F, double arrow). Extracellular
CML was also present in the localized intimal lesions of
AGER1-tg mice (Figure 6F, single arrow). In contrast to
wild-type mice, a-SMA-positive cells in the injured femo-
ral arteries of AGER1-tg mice were limited to the media of
AGER1-tg mice (Figure 5G). Note that the areas corre-
sponding to the areas of increased connective tissue in
the media contained fewer a-SMA-positive cells, and the
cells were smaller.

AGERT1-tg Mice Have Markedly Reduced
Neointimal Formation and Inflammatory
Response after Femoral Artery Injury

Eight weeks after initiating the high-fat diet and 4 weeks
after acute vascular injury, neointima hyperplasia was
prominent and uniformly present in wild-type mice (Fig-
ure 5A). The thickened intima contained many nucle-
ated cells and a large amount of extracellular matrix.
The media was irregular in width, and where it was
focally thickened there was an increased amount of
connective tissue in association with a decreased num-
ber of nuclei. The thickened areas were bordered by
inflammatory infiltrates in both the adventitia (Figure
5A, upper arrow) and the media (Figure 5A, lower
arrow). The intima/media ratio was significantly higher
in the wild-type mice compared with AGER1-tg mice
(P < 0.01) (Figure 5C). A large number of macro-
phages were irregularly scattered throughout the me-
dia of wild-type vessels (Figure 5D, lower arrow), par-
ticularly in association with small mononuclear
inflammatory cells. Similarly, macrophages and inflam-
matory cells were locally prominent in the adventitia

(Figure 5, A and D, upper arrows). Although the cells
that were most consistently stained for a-SMA were in
the media, many of the cells in the thickened intima
and some of the adventitial cells in wild-type mice were
positively stained (Figure 5F).

AGERT1 Expression, Location, and Amount of
AGEs in AGER1-tg and Wild-Type Mice

AGER1 expression was significantly increased in the vas-
cular cells of the transgenic mouse, especially in the
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Figure 3. Tissue AGEs are lower in AGER1-tg mice compared with wild-type
(WT) mice, after a high-fat diet. A: Kidney and liver CML immunoreactivity is
shown as mean * SEM, based on enzyme-linked immunosorbent assay. B:
Arterial tissue CML- and MG-positive staining, based on specific monoclonal
antibodies (4C7 and 3D11, respectively) (Original magnification, X400).

tunica media in which the cells were larger compared
with wild-type mice (Figure 6, A and B). In addition,
endothelial cells and a variety of cells in the adventitia
stained positively for AGERT in the transgenic mice. The
AGER1 staining appeared mostly cytoplasmic and
largely co-localized with CML and MG staining in AGER1
mice. The focal areas of the media in transgenic mice that
contained dense connective tissue contained fewer and
smaller cells with reduced amounts of CML and MG
(Figure 6D, arrow). However, some extracellular CML
was also detected in the extracellular matrix (Figure 6F,
double arrows). Interestingly, extracellular CML was also
noted in areas with a subintimal lesion of transgenic mice

(Figure 6F, arrow). The fact that increased AGER1 expres-
sion was associated with reduced or absent intracellular
MG and CML staining in the media of the transgenic mice
might be related to a higher AGE removal rate by AGER1.

The cells in the hyperplastic intima of the wild-type
mice were smaller in size, and while 30 to 40% of cells did
not stain positively for AGER1 (Figure 6A, arrow), most
contained large amounts of MG and CML (Figure 6, C
and E). This observation is consistent with the observed
decrease in AGERT1 levels in the presence of persistently
high serum AGE levels in this group.?®?” The total num-
ber of cells in the vascular wall was much greater in the
wild-type mice due to the hyperplastic intima, as was the
intensity of intracellular CML and MG staining (Figure 6, C
and E). Interestingly, while an increased amount of con-
nective tissue was noted (by trichrome staining) in the
hyperplastic intima, AGE staining was mostly intracellular
in this area (Figure 6, C and E). This, coupled with the
prominent a-SMA staining in most cells of the intima,
suggests that there was a higher connective tissue turn-
over rate, such that it likely exceeded the rate of extracel-
lular AGE accumulation. However, the media did contain
extracellular CML (Figure 6E, arrow). The tunica media in
wild-type mice, as demarcated by the internal and external
elastic laminae, was irregularly thinned (Figures 5A and 6C)
compared with transgenic mice (Figures 5B and 6B). CML
deposits in the adventitia of wild-type mice were also in-
creased (Figure 6E), compared with AGER1-tg mice, and
this correlated with the large number of macrophages seen
in this area (Figure 5D).

Discussion

In this report, we show that AGER1-tg mice maintained
significantly lower levels of systemic AGEs and OS and
are more resistant to high-fat diet-induced glucose
intolerance as compared with wild-type mice. Further-
more, after wire-induced femoral artery injury, the
marked neointimal hyperplasia and inflammatory cell
infiltration seen in wild-type mice were largely absent in
AGER1-tg mice.
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Figure 4. AGER1-tg mice are resistant to diet-induced glucose intolerance. Intravenous glucose tolerance tests were performed before (A), or after (B) 8 weeks
of a high-fat diet in AGER1-tg mice (2 = 14) and wild-type (WT) mice (72 = 13), as described. Blood glucose levels were determined at the indicated intervals.
Data are expressed as the mean SEM percentage of peak blood glucose value after infusion. *P < 0.05 versus wild-type mice; **P < 0.01 versus wild-type mice.
C: Hyperglycemia in AGER1-tg mice (12 = 14) (closed bars) and wild-type mice (12 = 13) (shaded) after the high-fat diet (8 weeks). Data indicate the percentage
of mice with stable fasting hyperglycemia (fasting blood glucose >130 mg/dD), on at least two measurements per mouse. D: Insulin tolerance test after the high-fat
diet. Shown are blood glucose levels (*P < 0.05).
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Figure 5. AGER1-tg mice have suppressed intimal hy-
perplasia and inflammatory responses to a high-fat diet
and wire injury. Histological and morphometric analy-
sis of injured femoral artery sections after a high-fat diet
(8 weeks) and wire-induced injury (4 weeks) in
AGERI-tg mice (n = 14) and wild-type (WT) mice
(n = 13). Representative sections of injured vessels
from wild-type mice (A, D, and F, n = 13) and
AGERI1-tg mice (B, E, and G, n = 14) after 8 weeks of

a high-fat diet. A and B: Massons-Trichrome staining

(original magnification, X200). C: Intima/Media (I/M)
ratio; AGER1-tg mice (*P < 0.01) versus wild-type
mice. D and E: Anti-macrophage (F4/80) staining. E
and F: a-SMA staining. A: Inflammatory cell infiltrates;
upper arrow, adventitia; lower arrow, media. B:
Upper arrow, intimal plaque; double arrows, area of
medial fibrosis. C: I/M ratio. D: Upper arrow, macro-
phages in the adventitia; lower arrow, macrophages
in the media. E: No macrophages visualized. F: a-SMA
staining is present in all three layers of the vascular
wall. G: a-SMA staining is limited to the media.

CVD is characterized by increased OS and inflamma-
tion, and progression is accelerated by conditions that
further increase OS, ie, hyperlipidemia, hyperglycemia,
and chronic kidney disease.’®"72° These conditions are
associated with elevated AGEs, whereas a lower AGE
burden correlates with reduced OS and inflammation in
patients with diabetes®°“° and in mice with chronic vas-
cular®#35 or kidney disease.*’

Cellular responses to AGEs are mediated by interac-
tions with two major classes of cell surface receptors,
which mediate distinct responses.*® RAGE contributes to
the generation of ROS and enhances inflammatory re-
sponses to AGEs and other agents, primarily via NF-«xB
activation.'®2°42 |n contrast, AGER1, a type | transmem-
brane protein, has at least two properties that reduce OS
and inflammation. First, it mediates AGE uptake and deg-
radation, thereby reducing the extracellular levels of these
potent oxidants.'”*3 Secondly, it acts as a potent anti-
oxidant molecule, in part, via its inhibition of AGE-medi-
ated ROS-dependent signaling promoted by RAGE'"'®
as well as by epidermal growth factor receptor via Shc/

Grb2/Ras and Erk1/2 pathways.'®?? Although RAGE and
AGER1 are up-regulated by their ligands,*%4244 their
responses differ in the presence of persistently high OS.
Namely, RAGE levels increase with rising OS, whereas
AGERT1 levels can be decreased with long-term elevated
0S.13:26:27 Because AGER1 potentially has a potent anti-
AGE and anti-inflammatory function in vivo, it is important
to understand its regulation.

The present study demonstrates that the maintenance
of high AGER1 levels provides effective protection
against AGE accumulation, OS, and inflammation in high-fat
fed mice subjected to acute vascular injury. AGER1-tg mice
had a normal phenotype. They had two- to fourfold higher
levels of AGER1 than wild-type controls, which may explain
the observation that they had decreased baseline levels of
circulating CML and of markers of OS. The tissue levels of
two distinct AGEs, CML and MG, increased in wild-type
mice as a function of exposure to the high-fat, high-AGE
diet.3° However, neither AGE compound increased in tis-
sues from AGER1-tg mice, despite an identical dietary bur-
den. This fact, together with lower levels of AGEs after a
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Figure 6. AGER1 expression and the location and amount of AGEs in
AGERI1-tg and wild-type (WT) mice. Analysis of femoral artery sections by
immunohistochemistry after a high-fat diet (8 weeks) and wire-induced
injury (4 weeks) in AGER1-tg mice (7 = 14) and wild-type mice (1 = 13).
Representative sections of injured vessels from wild-type (A, C, and E) and
AGERI1-tg mice (B, D, and F), stained with anti-AGER1 (A and B), anti-MG (C
and D), and anti-CML (E and F) antibodies, as described. Arrows indicate
cellular localization of AGER1 (A and B), the thinned media, compared with
thickened and cellular intima in wild-type mice (C) and to the normal intima
of AGER1-tg mice (D); and an area of fibrosis (F). A: Many cells in the
hyperplastic intima do not contain AGER1 (arrow). B: The media contains
scattered areas of fibrosis (arrow). C: The media (arrows) underlying the
hyperplastic intima is thinned; intracellular MG staining is present in all cell
layers. D: Cells in the fibrotic areas of the media are smaller, but contain MG
intracellularly. E: CML is present in the cytoplasm of cells of all three layers,
and in the focally dense extracellular matrix of the media (arrow). F: CML is
present in the extracellular matrix of the occasional plaques (arrow) and in
the fibrotic areas of the media (double arrows).

bolus injection of labeled AGEs, suggested that reduced
tissue levels of AGEs may be related to an internalization
function of AGE-R1, as well as to other mechanisms.

We previously found that a large proportion (~70%) of
AGEs absorbed from the diet were deposited in tissues of
naive mice.3 In the current study, we found that the large
influx of AGE-rich lipids from the high-fat diet led to a
parallel increase in serum AGE levels in wild-type and
AGER1-tg mice, but that serum and tissue levels of AGEs
were not increased in AGER1-tg mice. Taken together
these findings suggest that although the ingested AGEs
were partly deposited in the tissues in wild-type mice,
high AGER1 expression in AGER1-tg mice facilitated the
clearance of the dietary load AGEs from tissues. This may
explain the decreased levels of OS and inflammation in
the AGER1-tg mice.

AGEs, such as the relatively inert terminal product
CML, or the highly reactive oxidant AGE precursor, MG,
and its derivatives form intracellularly during normal me-
tabolism.®° They are also present in the diet, conjugated

with proteins and lipids.83%3" Prolonged consumption
of a high-fat diet, which is also AGE-enriched by way of
pre-exposure to heat,*° increases the levels of circulating
oxidants, such as 8-isoprostanes, which promote further
OS and AGE formation.®3° If this “vicious cycle” leads to
the reduction of AGER1 levels, the native intracellular
anti-oxidants may also be suppressed. This possibility is
supported by the observed loss in intracellular anti-oxi-
dant GSH potential in wild-type mice, which is associated
with lower levels of AGER1 and increased levels of AGEs
and OS.28 Further support for such an effect is that MG,
an active oxidant, was present in most cells of the intima
in wild-type mice, whereas AGER1 was detectable in a
much smaller fraction. This contrasts with the uniform
co-localization of AGER1 and MG in most vascular cells of
AGER1-tg mice. These data suggest that if AGER1 levels
are maintained, despite increased stress, they can effec-
tively enhance AGE removal, even during excessive influx
from exogenous sources. Thus, the maintenance or en-
hancement of AGER1 expression in vivo may help preserve
normal cellular redox status, during periods of systemic
oxidant overload.

The effect of high-level AGER1 expression on vascular
injury responses was examined in a well-known model of
wire-induced acute femoral arterial injury in fat-fed mice.*®
This model represents a complex pathological process,
involving endothelial cell denudation, vascular smooth mus-
cle cell migration and proliferation, infiltration by inflamma-
tory cells, oxidant overload, and procoagulant respons-
£s.%573% We found that AGER1 was highly expressed in the
cytoplasm of cells in all layers of the injured femoral artery of
AGER1-tg mice. In contrast, AGER1 staining was markedly
attenuated or not detectable in 30 to 40% of cells contained
in the massively thickened intima in wild-type mice. Al-
though the injured arteries in AGER1-tg displayed only a
minimal intimal response, the intima in wild-type mice was
thickened, multilayered, and contained «-SMA-positive
cells surrounded by a dense layer of connective tissue. Of
note, in the intima of wild-type mice AGEs were mostly
intracellular relative to those AGEs detected in the connec-
tive tissue, suggesting that an increased number of cells in
this region were actively involved in extracellular matrix
turnover. Intimal lesions in AGER1-tg mice, while also
present, were small and few in number. These were largely
composed of connective tissue, which was largely CML-
positive, suggesting that the repaired connective tissue
slowly accumulated stable AGEs. AGEs have been impli-
cated in the inflammatory response, increased proliferation
of vascular smooth muscle cells, and senescence of endo-
thelial cells.3+41454€ The current study, showing that cells
in the hyperplastic neointima of wild-type controls contained
prominent a-SMA staining, is consistent with the suggestion
that these were AGE-activated smooth muscle cells derived
from the media.*¢4”

The media in AGER1-tg of injured femoral arteries mice
was generally of normal width, and although multifocal
areas resembled healed scars, cells with abundant
AGER1 positive staining material suggested that the vas-
cular injury in the AGER1-tg mice resolved by fibrosis,
rather than by increased smooth muscle cell proliferation
and/or migration. This contrasted to the thinned media in



wild-type mice, which contained many hypocellular, fi-
brotic areas that contained CML-positive connective tis-
sue. The significant inflammatory infiltrate present in the
media and adventitia of wild-type controls was not seen
in AGER1-tg mice, consistent with the anti-inflammatory
properties previously attributed to AGER1.218

Although the present findings are the first in vivo evi-
dence of the ability of AGER1 to control AGE levels and
AGE-induced cellular responses, the beneficial effects of
efficient AGE removal are well established. For instance,
studies in ApoE-deficient mice crossed with mice trans-
genic for soluble AGE-binding molecules thought to aid
in their clearance, such as lysozyme,*® or mice treated
with soluble RAGE,?° have linked low AGEs to attenu-
ated responses to injury and to exogenous oxidant
burden, despite hyperlipidemia. Furthermore, preven-
tion of the age-dependent loss in AGER1 expression
and efficacy, by restriction of dietary AGEs, or calories,
preserved anti-oxidant defenses, delayed cardiovas-
cular and renal changes, and prolonged lifespan in
aging mice.?® Thus, both the absolute AGER1 levels
and its responsiveness to increased levels of AGEs
may be important.

A link between high AGER1 levels and improved
glucose metabolism, previously found in aging mice
kept for life on reduced AGE intake,3%49%° was con-
firmed in the present study. We found that AGER1-tg
mice had increased resistance to the metabolic effects
of the high-fat diet, whereas the majority of wild-type
mice became glucose-intolerant and/or stably hyper-
glycemic. The changes seen in wild-type mice, but not in
AGER1-tg mice were related to the higher oxidant and/or
AGE burden found in wild-type mice compared with
AGER1-tg mice. These involved impaired peripheral glu-
cose uptake and utilization in wild-type mice, because
neither plasma insulin nor lipid levels differed significantly
from those in AGER1-tg mice. Two recent articles sug-
gest that high levels of AGEs may have direct effects on
glucose metabolism, and could explain the higher glu-
cose levels and the impaired responses to glucose and
insulin we found in wild-type mice after the high-fat diet.
One study showed that the injection of AGEs reduced
insulin secretion in mice, presumably by inhibiting ATP
production via inhibition of cytochrome c oxidase, which
resulted in an impairment of glucose-stimulated insulin se-
cretion through inducible nitric oxide synthase-dependent
nitric oxide production.®” A second study showed that
increased levels of AGEs contribute to peripheral insulin
resistance in mice by impairing insulin action via the
formation of a multimolecular complex that includes insu-
lin receptor substrate 1, RAGE, and SRC in striated mus-
cle cells.®? In both of these studies, high levels of AGEs
were shown to result in hyperglycemia. Given that pro-
oxidants such as AGEs are toxic to pancreatic islets®®°°
and that anti-AGE agents and diets protect against islet
and B-cell injury and dysfunction,®*®% it is possible that
AGER1 overexpression could protect against B-cell injury
as a matter of course. Further studies are required to
elucidate the mechanisms involved in these effects. How-
ever, in an elegant study on bone marrow-derived vas-
cular wall progenitors in a mouse model of diabetes
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and obesity, both insulin resistance and vascular func-
tion were restored toward normal by either decreasing
OS with a selenorganic antioxidant or the introduction
of normal progenitors.*

In conclusion, the current study confirms in vitro data
and correlations in animal and clinical studies, indicat-
ing that AGER1 is an important inhibitor of the systemic
toxicity of AGEs and OS. While focusing on vascular
injury, this study provides the first direct evidence of a
beneficial relationship between AGER1 expression,
systemic anti-AGE actions, and vascular responses to
injury. The mechanisms by which these occur in vivo
remain to be established, but may converge on the
timely neutralization of pro-inflammatory effects of
AGEs and ROS.
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